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V YROXPH pqv UHODWLYHYHORFLW\EHWZHHQSKDVHV
Į YROXPHIUDFWLRQRIRQHSKDVH liftF OLIWSRZHU
ȡÖ HIIHFWLYHGHQVLW\ totaliV  WRWDOYROXPHRILFHLQWKHWXEHV
ȡ SK\VLFDOGHQVLW\ totalwV  WRWDOYROXPHRIZDWHULQWKHWXEHV
v YHORFLW\
c DYHUDJH YROXPH FRQFHQWUDWLRQ RI  VROLG LFH ZLWKLQ
FRUUHVSRQGLQJFRORU]RQH
pqm PDVVWUDQVIHUIURPSKDVHSWRSKDVHT pv YROXPHRIHDFKFRORU]RQH
p PXWXDOIRUFHDSSO\LQJRQWKHDOOSKDVHV  
Ĳ VWUHVVVWUDLQWHQVRU Subscript 




,Q UHFHQW\HDUV WKH LFH VOXUU\KDVEHHQ LQFUHDVLQJO\XVHG LQSUDFWLFDO DSSOLFDWLRQV VXFKDV WKH+9$&V\VWHPV
+HDWLQJ9HQWLODWLRQ $LU &RQGLWLRQLQJ WKH IRRG FRROLQJ DUHD WKHPHGLFDO DQG KHDOWK V\VWHPV DQG WKH VKLSSLQJ
LQGXVWU\HWF>@&RPSDUHGWRRWKHUFRXQWULHV-DSDQSUREDEO\KDVWKHODUJHVWQXPEHURILQVWDOOHGLFHVOXUU\V\VWHPV
>@ $ VFKHPDWLF GHSLFWLQJ LFH VOXUU\ FRRODQW ZDV PDGH LQ D FHQWUDO SODQW DQG GHOLYHUHG E\ SLSHV WR PXOWLSOH
GLVWULEXWHGVLWHFRROLQJORDGV>@
0DQ\VFKRODUVKDYHUHVHDUFKHGRQWKHLFHVOXUU\>@$VKOH\&6>@UHYLHZHGIRXUUKHRORJLFDOPRGHOV
QDPHO\%LQJKDP&DVVRQ3RZHU DQG+HUVFKHOH%XONOH\ZKLFK FDQSUHGLFW WKHEHKDYLRURI LFH VOXUU\ LQ WXEHVRQ
VSHFLILFFRQGLWLRQV'RURQ>@SURSRVHGWKUHHNLQGVRIIORZSDWWHUQVWRGHVFULEHWKHLFHVOXUU\IORZVWDWLRQDU\
EHGPRYLQJEHGDQGVXVSHQVLRQEHGIORZ,WZDVDSSOLHGE\/LX<RQJKRQJ>@WRGHYHORSQHZH[SUHVVLRQVILWIRU
VXVSHQVLRQ EHG4LTL 7LDQ IRXQG RXW WKH HIIHFWV RI WKH SDUWLFOH VL]H WKH ,3) ,FH SDFNLQJ IUDFWLRQ  WKH DGGLWLYH
FRQFHQWUDWLRQ DQG WKH SLSH VL]H RQ WUDQVSRUWDWLRQ VDIHW\ E\ QXPHULFDO VLPXODWLRQ EDVHG RQ WKH IORZ SDWWHUQ
WUDQVLWLRQ>@ :DQJ -LKRQJ >@ PDGH QXPHULFDO LQYHVWLJDWLRQ RQ LFH VOXUU\ IORZLQJ WKURXJK WKH KRUL]RQWDO
HOERZ DQG IRXQG D FOHDU VHFRQGDU\ IORZ SKHQRPHQRQ ZKLFK HQKDQFHV WKH PL[LQJ EHWZHHQ LFH SDUWLFOHV DQG
FDUULHUIOXLG'H3DQ6KL>@GHYHORSHGD(XOHU(XOHUWZRIOXLGPRGHOLQFRUSRUDWLQJWKHNLQHWLFWKHRU\RIJUDQXODU








EORFNDJHE\QXPHULFDO VLPXODWLRQEDVHGRQNLQHWLF WKHRU\RIJUDQXODU7KHQXPHULFDO UHVXOWVDUHYHULILHGE\DQG
FRPSDUHGZLWKH[SHULPHQWDOGDWDPHDVXUHGE\ȖUD\GHQVLWRPHWHURIKLJKDFFXUDF\DQGDOVRKLJKH[SHQVH
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7KHRUHWLFDOPRGHODQDO\VHV
7KHVLPXODWLRQRIWKHLFHVOXUU\LVFDUULHGRXWEDVHGRQWKHNLQHWLFWKHRU\RIJUDQXODUG\QDPLFV(QHUJ\RSWLRQLV
VHOHFWHG DQG JUDYLW\ LV FRQVLGHUHG ,Q DGGLWLRQ 51*PL[WXUH RSWLRQ XQGHU N PRGHO LV VHOHFWHG WR GHVFULEH WKH
WXUEXOHQWIORZ
2.1. Conservation of mass 



























































3.1. The distribution of ice particles 
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7KHFRQWRXUVRIWKHYROXPHIUDFWLRQGLVWULEXWLRQREWDLQHGE\QXPHULFDOVLPXODWLRQDUHXVHGWRLQGLFDWHGLIIHUHQW
FRQGLWLRQV DW YDULDEOH YHORFLWLHV DV )LJDHVKRZ 6HYHUDO UHVHDUFKHV KDYH EHHQ FDUULHG RXW WR GHWHUPLQH WKH
GLVWULEXWLRQRIWKHLFHDQGWKHIORZSDWWHUQVZKLFKFDQEHIRXQGWKDWWKHVLPXODWLRQUHVXOWVVKRZDJRRGDJUHHPHQW
ZLWKSUHYLRXVGDWDDQGGHVFULSWLRQSUHVHQWLQWKHSUHYLRXVSXEOLVKHGUHVHDUFKHV,WLVIRXQGE\'RURQ>@WKDWWKHLFH
VOXUU\FDQEHSUHVHQWHGDV WKUHHHYLGHQW IORZSDWWHUQVE\ WKH LQFUHDVLQJ IORZYHORFLW\ LH WKH VWDWLRQDU\EHG WKH
PRYLQJ EHG DQG WKH VXVSHQVLRQ EHG DV VKRZQ LQ )LJDF 7KLV WKHRUHWLFDO PRGHO ZDV DSSOLHG E\ /LX
<RQJKRQJDQG VKH GHYHORSHG QHZ H[SUHVVLRQV ILW IRU VXVSHQVLRQ EHG 4LTL 7LDQ>@PDGH DQDO\VHV RQ WKH
WUDQVSRUWDWLRQVDIHW\E\VLPXODWLQJWKHIORZSDWWHUQVRILFHVOXUU\LQWXEHV7KHVWDWLRQDU\EHGIORZRFFXUVDWDPXFK
ORZHUIORZUDWHLQZKLFKFRQGLWLRQWKHFDUULHUIOXLGLVXQDEOHWRFDUU\SDUWRIWKHPRYLQJEHGOD\HUDWWKHWRSRIWKH
PRYLQJEHG OD\HU OHDGLQJ WR WKH IRUPLQJ RI WKH VWDWLRQDU\EHG OD\HU DW WKH WRS RI WKH WXEH7KHPRYLQJEHG IORZ







(a)  v ( flow velocity)=0.2m/s
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
(b)      v=0.3m/s 
 
 
(c)     v=1m/s 





(e)     v=3m/s
)LJ7KHGLVWULEXWLRQRIWKHVROLGLFHLQWKHFURVVVHFWLRQRIWXEHVDWGLIIHUHQWYHORFLWLHV







6LPLODUO\)LJD VKRZV WKH VWDWLRQDU\ IORZSDWWHUQRFFXUULQJ DW ORZ IORZ UDWH LQZKLFK FDVH WKH FDUULHU IOXLG LV
XQDEOHWRFDUU\SDUWRIWKHPRYLQJEHGOD\HUOHDGLQJWRWKHIRUPLQJRIWKHDJJORPHUDWLRQRIWKHLFHFU\VWDOVRQWKH
WRS RI WKH SLSH 7KH KLJKHVW FRQFHQWUDWLRQ IRU VWDWLRQDU\EHG OD\HU LQFUHDVHV WKH ULVN RI WKH VWUDWLILFDWLRQ DQG LFH
EORFNDJHGXULQJWKHWUDQVSRUWDWLRQWRWKHPRVWGHJUHH









ULQJV LV VLPLODU ZLWK WKH WKLUG ULQJ ZKLFK LQGLFDWHV WKDW WKH GLVWULEXWLRQ RI WKH VROLG LFH WHQGV WR EH PRVW
KRPRJHQHRXV
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VHFWLRQQDPHO\VWDWLRQDU\EHGRQ WKH WRSPRYLQJEHG LQ WKHPLGGOH OD\HUDQGVXVSHQVLRQEHGDW WKHERWWRP OD\HU
:LWKIORZUDWHLQFUHDVLQJXSWRSRLQW$WKHVRFDOOHGWKHILUVWFULWLFDOYHORFLW\IRUPHUVWDWLRQDU\EHGOD\HUJHQHUDOO\
WUDQVIRUPVWRWKHPRYLQJEHGIORZDVDULQJGLVWULEXWLRQDV)LJGVKRZV$IWHUYHORFLW\UHDFKHVSRLQW&FDOOHG
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&RQFOXVLRQV
,Q WKLV SDSHULW LV DQDO\]HG WKDW  RQ WKHGLVWULEXWLRQRI LFH SDUWLFOHV DQG IORZSDWWHUQV WRSUHGLFW DQG DYRLG LFH
EORFNDJH E\ XVLQJ VLPXODWLRQ EDVHG RQ WKH NLQHWLF WKHRU\ RI JUDQXODU G\QDPLFV0D[LPXP YDOXH DQGPLQLPXP
YDOXH RI FRQFHQWUDWLRQ RI VROLG LFH SDUWLFOHV DUH SURSRVHG WR YHULI\ DQG H[SODLQ WKH QXPHULFDO VLPXODWLRQ UHVXOWV
7KHUHDUHVHYHUDOFRQFOXVLRQVGUDZQLQWKLVSDSHUDVIROORZV
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>@ .XPDQR++LUDWD76KLUDNDZD06KRXML5 DQG+DJLZDUD<)ORZFKDUDFWHULVWLFVRI LFH VOXUU\ LQQDUURZ WXEHV LQWHUQDWLRQDO
MRXUQDORIUHIULJHUDWLRQ9ROSS
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